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Exciton-polariton condensate in semiconductor microcavities constitute a novel kind of non-
equilibrium superfluid. In a recent experiment [P. Stepanov, et. al., Nat. Commun. 10, 1038
(2019)], the dispersion relation of collective excitations in a polariton condensate under the reso-
nant pumping has been investigated with the emphasis on the role of reservoir of long-lived excitons
in determining the superfluidity. Inspired by such an experimental advance, we study the super-
fluidity of a exciton-polaritonn condensate under non-resonant pumping by calculating the drag
force exerted on a classical impurity moving in a polariton condensate. For a non-resonant pumped
polariton condensate prepared in the gapped phase, due to the reservoir’s modes, the drag force can
be large when the velocity of the impurity is small. Besides, as the velocity increases, the drag force
can decrease. For not very large velocity, the drag force is enhanced if the condensate is tuned to be
more dissipative. When the condensate is close to the transition point between the gapped phase
and the gapless one, the drag force is similar to that of the equilibrium superfluid. Our present work
reveals the effects of the reservoir’s modes on the superfluidity properties of a polariton condensate
with the non-resonant pumping.
I. INTRODUCTION
At present, there exist significant interests and ongoing
efforts of studying the non-equilibrium superfluidity [1–
5] of a exciton-polariton condensate, which conceptually
goes beyond the equilibrium superfluidity such as liquid
helium and Bose-Einstein condensates (BEC) of ultra-
cold atoms [6]. The motivation behind these interests
is twofold. On the one hand, a polariton condensate is
intrinsically non-equilibrium with coherent and dissipa-
tive dynamics occurring on an equal footing. Similar to
the ultracold atomic BEC, the typical aspects of super-
fluid behavior of a polariton condensate such as quan-
tized vortices [7–9], suppression of scattering off disor-
der [10, 11], and the Bogoliubov’s excitations [12, 13]
have been observed experimentally. On the other hand,
going beyond the equilibrium superfluid, the intrinsi-
cally non-equilibrium nature of a polariton condensate
captured by the dissipation has induced the Goldstone
mode [14–17] of a spatially homogeneous system to be
diffusive and made ghost branches [18] of Bogoliubov ex-
citations to be observable. These remarkable properties
of the non-equilibrium superfluid prompt questions about
superfluidity definition of superfluidity and characteris-
tic observables [19–23]. Further work based on spatially
homogeneous fluids has formulated generalized nonequi-
librium versions of the Landau critical velocity [20]. Up
to now, a polariton condensate has emerged as a novel
kind of quantum superfluids characterized by its non-
equilibrium characters [1, 2].
In the previous work, the intrinsically non-equilibrium
nature of a polarion condensate is usually referred to as
the intrinsic dissipation. Very recently, a group from In-
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stitu Ne´el in France [24] has revealed the role of the an-
other kind of intrinsically non-equilibrium nature of a
polariton condensate due to the reservoir of long-lived
excitons [25, 26]. The nontrivial results in Ref. [24] con-
sist of a speed of sound being apparently twice too low,
which can not be explained upon considering the polari-
ton condensate alone. In a combined theoretical and
experimental analysis, Ref. [24] demonstrated that the
presence of an excitonic reservoir alongside the polariton
condensate has a dramatic influence on the character-
istics of the quantum fluid. Motived by Ref. [24], an
immediate theoretical work [27] has investigated super-
fluidity in a nonequilibrium polariton fluid injected by a
coherent pump and flowing against a defect located out-
side the pump spot. The role of a reservoir in inducing
nonstationary behaviors with moving phase singularities
is highlighted.
However, the theoretical treatment of Ref. [27] is lim-
ited within the case of a polariton condensate with the
resonant pumping, where the long-range coherence is di-
rectly imprinted by the laser, and not the result of a
condensation mechanism. Meanwhile, the non-resonant
pumping allows one to create a condensate with sponta-
neously chosen phase profile. Considered that the phase
of a condensate plays a key role in determining the super-
fluidity properties, a timely question along the research
line of Ref. [27] arises as what is role of a reservoir in
determining the superfluidity of a polariton condensate
under the non-resonant pumping?
In this paper, we are motivated to study the super-
fluidity of a polariton condensate under a non-resonant
pumping by calculating the drag force on a moving im-
purity in a dynamically stable polariton condensate in
the gapped phase. The velocity of the impurity is set
to be constant. We have calculated the pressure force
due to density gradient of the condensate around the im-
purity, which are outcomes of excitations created by the
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2moving impurity. The frictions due to scattering between
the impurity and the reservoir polaritons are not consid-
ered here for simplicity. We find that when the velocity
of the impurity is small, the impurity will experience a
large drag force due to the slow diffusion of the reservoir’s
modes at small momentum. We also find that the drag
force can be decreased when the velocity of the impurity
is increased, this is also due to the effect of the diffusive
mode. Besides, we find that the drag force is enhanced
as the condensate is tuned to be more dissipative.
The emphasis and value of the present work are to
study the role of the non-resonant reservoir on the non-
equilibrium superfluidity by analyzing the combined ef-
fects of both condensate modes and the reservoir modes
on the drag force. In this context, differently from
the calculation of the drag force for a non-equilibrium
condensate in Ref. [28] based on the complex GrossPi-
taevskii (GP) theory, our model fully includes the role of
the non-resonant reservoir by solving driven-dissipative
GP equation coupled to a rate equation; differently
from Ref. [29, 30] of calculating the drag force of non-
resonantly pumped polariton condensate prepared in the
gapless region of the Bogoliubov modes, we study the
drag force of non-resonantly pumped polariton conden-
sate in the gapped region of the Bogoliubov modes.
We believe the calculations in this work together with
Ref. [24, 27] can provide a complete description of the
role of a reservoir in inducing nonequilibrium superfluid
behaviors for a polariton condensate.
This paper is organized as follows. In Sec. II, we briefly
describe the model system based on driven-dissipative
Gross-Pitaevskii equation. In Sec. III, the definition and
analytical expressions of the drag force are given by solv-
ing the Bogoliubovde Gennes equations. In Sec. IV, we
give the detailed results and analysis of the drag force in
the different phases. In Sec. V, we give the conclusions
of this work and some discussions.
II. MODEL AND FORMALISM
Our goal is to calculate the drag force exerted on
a classical impurity moving in a polariton condensate,
in particular, focus on the reservoir’s effects on the
non-equilibrium superfluidity. To this end, we consider
a exciton-polariton BEC created under non-resonant
pumping with a point-like impurity moving in the po-
larition condensate and are interested in the drag force
exerted on the moving impurity. The order parameter for
the condensate is described by a one-component time-
dependent wave function ψ (r, t); the reservoir on the
relevant time scales can be modeled by a scalar density
denoted by nR (r, t).
At the mean-field level, both the static and dynam-
ical properties of the polariton condensate can be de-
scribed by the driven-dissipative Gross-Pitaevskii equa-
tion (GPE) [14, 17], i.e.,
i~
∂ψ
∂t
=
[
− ~
2
2mLP
∇2 + gC |ψ|2 + gRnR
+
i~
2
(RnR − γC) + Vim
]
ψ. (1)
Here, mLP is the mass of the polaritons, gC is the inter-
action constant between coherent condensate polaritons
and gR characterizes the interaction between the con-
densate and the incoherent reservoir of nR. R stands
for the stimulated scattering rate, which replenishes the
condensate from the reservior polaritons and γC is the
rate of loss of condensate polaritons with the main effect
of leaking out of the photons. In this work, we focus on
a point-like impurity moving in the polarition conden-
sate. We remark that we do not consider the effect arise
from interactions between the impurity and the density
of reservoir polaritons nR(r) for simplicity. By including
the impurity potential and based on a mean-field descrip-
tion of the condensate in terms of the GP Eq. (1) for the
macroscopic wave function ψ(r) including the impurity
potential as follows
Vim(r) = giδ(r− vt), (2)
with gi being the s-wave scattering length between the
impurity and polariton and v labelling the velocity of the
impurity.
We consider Eq. (1) is coupled to a scalar incoherent
reservoir as mentioned earlier, described by a rate equa-
tion [14, 17], i.e.,
∂nR
∂t
= P − (γR +R|ψ|2)nR +D∇2nR, (3)
Here, P is the rate of an off-resonant continuous-wave
(CW) pumping, γ−1R describes the lifetime of reservoir
polaritons, D reads the diffusive constant of the reser-
voir and R is the stimulated scattering rate of reservoir
polaritons into the condensate.
In this work, we limit ourselves to the case that the
impurity potential of Eq. (3) can be safely treated as
the weak perturbation on the polariton system, which
means that the modifications on the properties of the
macroscopic wave function ψ and the excitations over it
can be safely neglected [31]. In this way, the impurity
moves in the same stationary state as that without the
impurity potential.
III. DRAG FORCE
We focus on investigating the role of a reservoir in de-
termining the superfluidity of a non-resonantly pumped
polariton condensate. At the heart of our solution of
the non-equilibrium superfluidity is to calculate the drag
force exerted on a classical impurity moving in a polari-
ton condensate with the emphasis on the effects of reser-
voir modes on the drag force.
3As the first step, we need to determine the phase dia-
gram of the stationary states described by Eqs. (1) and
(3). As mentioned before, the moving potential of Eq. (2)
has been treated as a perturbation and can be safely ig-
nored in determined the stationary states. In such, when
P is larger than the threshold Pth = γCγR/R, due to van-
ishing of net gain imposed by stationarity, the reservoir
density is clamped to n0R = γC/R, while the condensate
density has n0C = |ψ0|2 = (P − Pth)/γC [14]. The os-
cillation frequency of the macroscopic wave function is
µ0 = gCn
0
C + gRn
0
R.
Next, we need the knowledge of collective excitations
induced by the moving potential of Eq. (2) . Within the
mean-field framework, we follow the standard procedures
in Refs. [14, 17] and start from the standard decompo-
sition of the wave function (ψ, nR) into the steady-state
solution (ψ0, n
0
R) and a small fluctuating term (δnC , δθC ,
δnR), i. e.,
ψ = e−iµ0t/~
√
n0C + δnCe
iδθC ,
nR = n
0
R + δnR. (4)
Substituting (4) into eqns. (1) and (3) and retaining
only first-order terms of fluctuation, we can obtain the
Bogoliubovde Gennes (BdG) equations for V(k, t) ≡
[δnC(k, t), δθC(k, t), δnR(k, t)]
T as follows [31–34]
∂V(k, t)
∂t
= M(k)V(k, t) +B(k, t), (5)
with
M(k) =
 0
~n0Ck2
mLP
Rn0C
− ~k2
4n0CmLP
− gC~ 0 − gR~
−Rn0R 0 −Dk2 − γR −Rn0C
 ,
(6)
and
B(k, t) = − gi
2pi~
e−ik·vt
01
0
 . (7)
Finally, the force exerted on the polaritons in the co-
herent condensate state due to the delta potential im-
posed by the moving impurity can be expressed as [14,
31, 35, 36]
F(t) = −
∫
dr|ψ(r, t)|2∇[giδ(r− vt)]
= gi
[∇|ψ(r, t)|2] ∣∣
r=vt
= gi
∫
dk
2pi
ikδnC(k, t)e
ik·vt. (8)
The force on the impurity is just the minus of the above
result of Eq. (8), showing that the drag force originates
from the scattering between the impurity and the induced
density fluctuation. We point out that the force induced
by scattering between the impurity and the incoherent
reservoir has beyond the scope of this paper. The latter
is proportional to the density of the incoherent reservoir
of nR; while the former is related to the condensate fluc-
tuation of δnC(k, t). From the second line in Eq. (8), we
remark that the drag force we defined is just the pressure
force due to density difference around the impurity, that
is, the force is due to density accumulation after excited
by the moving impurity.
In order to obtain the analytical expression of the drag
force of Eq. (8), we need the knowledge of the δnC(k, t)
by exactly solving the differential equation (5) as follows
V(k, t) = e(t−t0)M(k)V(k, t0) +
∫ t
t0
e(t−s)M(k)B(k, s)ds.
(9)
Note that only the second term on the right hand of the
above equation is proportional to the strength of the im-
purity potential. We will consider the steady state with
the impurity moving with a constant velocity in the con-
densate. This can be obtained by taking t0 = −∞, which
means to turn on the impurity potential adiabatically.
Then the impurity-induced excitations over the coherent
polariton condensate read [35, 37]
δnC(k, t) =
∫ t
−∞
e(t−s)M(k)B(k, s)ds
= − gin
0
Ck
2
2pimLP
e−ik·vt
∫ ∞
0
dseik·vs
[
(λ22 − λ23)eλ1s
+(λ23 − λ21)eλ2s + (λ21 − λ22)eλ3s
]
/[
(λ1 − λ2)(λ2 − λ3)(λ3 − λ1)
]
, (10)
where λj(k) (j = 1, 2, 3) are the three eigenvalues of the
matrix M(k), i.e. det(M − λI) = 0. In more details,
the λj(k) (j = 1, 2, 3) are the three roots of the following
equation, reading
λ3 + bλ2 + cλ+ d = 0, (11)
with b = Dk2 + (1 + α)γR, c = ε
2
k/~2 +
αγRγC , d = bε
2
k/~2 − αgRγRγCk2/(RmLP ), εk =√
~2k2
2mLP
( ~2k2
2mLP
+ 2gCn0C
)
, and α = P/Pth − 1. We also
point out that the corresponding dispersion relations of
the excitations can be expressed in terms of λj(k) as
ωj(k) = iλj(k), j = 1, 2, 3. (12)
Before analyzing the drag force, it is essential to es-
tablish that the homogeneous background itself is stable
with respect to weak perturbations. The condition for
the condensate to be stable against perturbtions is that
the excitations do not increase with time. It requires
that all of the λ’s in eqn. (10) have zero or negative real
parts. In terms of dispersion relation ω, it means that
the imaginary part of ω should all be zero or negative for
any momentum.
According to the Routh-Hurwitz stability criterion, the
sufficient and necessary condition for all of roots of the
cubit equation with real coefficients, a3z
3 + a2z
2 + a1z+
4a0 = 0, to be in the left half plane is that: ai > 0,
i = 0, 1, 2, 3, and at the same time a1a2 > a0a3. In this
case, the system is stable against perturbations. When
applied to eqn. (11), we find that when d > 0, there is
always bc > d. So the stability condition of the con-
densate against perturbations is that d > 0, that is
P > Pth = Pth · (γC/gC)/(γR/gR). In what follows,
we restrict our consideration to the dynamics of a clas-
sical impurity propagating on a modulationally stable
condensate background. Therefore we make sure that
the parameters of the system always satisfy the above
condition.
A. Excitations in the gapped region
As a consequence of dissipation, the matrix of M in
Eq. (10) is non-Hermitian, and Eqs. (11) and (12) yields
three complex dispersion branches where the imaginary
part represents the damping spectrum. We denote A =
b2 − 3c,B = bc− 9d,C = c2 − 3bd, and ∆ = B2 − 4AC.
It can be obtained that when ∆ ≤ 0, Equation (11) has
three real solutions, while for ∆ > 0 the equation has one
real solutions and two conjugate complex ones with both
the real and imaginary parts finite. The corresponding
dispersion relation are then given by ω = iλ. Below,
we first briefly review some important features of the
Bogoliubov excitation modes.
Gappless region: When γR/γC > 4α/(1 + α)
2, the
dispersion relations of three modes in Eqs. (11) and (12)
are purely imaginary if the momentum is small, while
for large enough momentum, two of the three modes be-
comes ones with finite real and imaginary parts. This
is referred as to the gappless region firstly discussed in
Ref. [14], where the Bogoliubov mode becomes to be dif-
fusive. Furthermore, the superfluidity of a polariton con-
densate based on the drag force in the gappless region
has been investigated in Ref. [27, 34] with emphasis on
the effects of the intrinsic dissipation due to the non-
equilibrium nature on the superfluidity.
Gapped region: When γR/γC < 4α/(1 + α)
2, there is
always ∆ > 0 for any momentum k. There are two con-
jugate dissipative gapped modes and one diffusive modes
with a purely imaginary dispersion relation, such as that
shown in Fig. 1 (b) and (c). We call this gapped re-
gion [16], in which the properties of superfluidity based
on the drag force have not been discussed yet. In what
follows, we are interested in the superfluidity of a polari-
ton condensate in the gapped region by calculating the
drag force on a moving impurity. We remark that our
work together with Ref. [30, 34] give the complete de-
scription of superfluidity of a non-resonant pumped po-
lartion condensate in the full parameter regions.
B. Drag force in gapped region
Since all of the Imω’s are negative, we can obtain from
Eqs. (8) and (10) that the drag force has the form
F = −ixˆ g
2
i n
0
Cv
pi2
∫ ∞
0
dkx
∫ ∞
0
dky
k2xk
2
(ω1 − ω2)(ω2 − ω3)(ω3 − ω1)
[
ω22 − ω23
ω21 − (kxv)2
+
ω23 − ω21
ω22 − (kxv)2
+
ω21 − ω22
ω23 − (kxv)2
]
. (13)
Equation (13) is one of the main results obtained in this
paper, from which we immediately notice that all of the
contributions from the three excitations to the drag force
are positive.
From the expression of the drag force in Eq. (13), we
can see that since the imaginary parts of both the dissi-
pative modes and the diffusive modes are finite, there is
always drag force for any finite velocity of the impurity,
whether the Landau’s criterion for a equilibrium super-
fluid Reω(k)− k · v = 0 is satisfied or not. So the super-
fluid critical velocity is zero for our situation. Both the
dissipative gapped condensate’s modes and the diffusive
reservoir’s modes give nonzero contributions to the drag
force for any finite velocity.
The drag force in Eq. (13) can be further rewritten
with the help of Eq. (11)
F =
g2i n
0
Cv
pi2mLP
∫ ∞
0
dkx
∫ ∞
0
dky
× k
2
xk
2(bc− d)
(kxv)2[(kxv)2 − c]2 + b2[(kxv)2 − d/b]2 . (14)
This expression is more convenient to calculate the drag
force numerically, compared with the expression in Eq.
(13). We further write the dimensionless drag force F¯ =
F/(~csn0C) as
F¯ =
g¯i
2v¯
pi2
∫ ∞
0
dk¯x
∫ ∞
0
dk¯y
× k¯
2
xk¯
2(b¯c¯− d¯)
(k¯xv¯)2[(k¯xv¯)2 − c¯]2 + b¯2[(k¯xv¯)2 − d¯/b¯]2
. (15)
In Eq. (15), all parameters are rewritten in the dimen-
sionless form using healing length rh = ~/(mLP cs) and
time τ0 = rh/cs, where cs = (gCn
0
C/mLP )
1/2 is a lo-
cal sound velocity in the condensate. The dimensionless
parameters are g¯R = gR/gC , g¯i = gi/(~2/mLP ), γ¯R =
γRτ0, γ¯C = γCτ0, P¯th = γ¯Rγ¯C/R¯, P¯ = (1 + α)P¯th,
and D¯ = D/(~/mLP ). Besides, n¯0R = n0R/n0C = γ¯C/R¯.
The dimensionless dispersion relations are solved from
λ¯3 + b¯λ¯2 + c¯λ¯ + d¯ = 0, where b¯ = D¯k¯2 + (1 + α)γ¯R, c¯ =
ε¯2k + αγ¯Rγ¯C , d¯ = b¯ε¯
2
k − g¯Rγ¯C k¯2. So F¯ depends on
D¯, γ¯R, γ¯C , g¯R, α, g¯i, v¯. We study in this paper the gapped
region that is dynamically stable, which means that
5FIG. 1. (a) Drag force of Eq. (15) exerted on a classical impu-
rity moving in a polariton condensate. The green dashed and
red dash-dotted curves are represented by the drag forces due
to the condensate’s excitations and the reservoir’s modes. The
solid blue curve is drag force induced by both the condensate’s
excitations and the reservoir’s modes together. (b) and (c) are
the real and imaginary parts of the Bogolubov’s modes in Eq.
(11). The parameters are given as D0 = 0.0005, α = 1.0, γ¯C =
1.0, and g¯R/(1 + α) : γ¯R/γ¯C : 4α/(1 + α)
2 = 0.475 : 0.5 : 1.0.
g¯R/(1 + α) < γ¯R/γ¯C < 4α/(1 + α)
2.
IV. RESULTS
In the previous section, we have developed the intu-
itive physical picture and predicted features in the drag
force of a polariton condensate under the non-resonant
pumping. Below we study the drag force exerted on a
classical impurity moving in a polariton condensate with
emphasis on the effects of the non-resonant pumping by
self-consistently solving Eqs. (11), (12), and (15) nu-
merically. In this end, our strategy is to (i) calculate
the drag force induced by the condensate’s modes and
the non-resonant reservoir’s mode separately; (ii) ana-
lyze how the non-resonant reservoir’s modes affect the
behavior of drag force; (iii) add the drag force induced
by the condensate’s modes and the non-resonant reser-
voir’s mode together and then investigate superfluidity
of a polariton condensate highlighted by effects of the
non-resonant pumping.
We begin to calculate the drag force according to Eq.
(15) for a polariton condensate prepared in the gapped
regime of the Bogoliubov’s modes of Eq. (12) and (15)
as mentioned in Sec. III A. For the convenience of the
later analysis, we denote the dispersion relation of the
dissipative gapped modes of a condensate as ω¯1,2 with
Re(ω¯1) = −Re(ω¯2) > 0, Im(ω¯1) = Im(ω¯2) < 0, and that
of the non-resonant reservoir’s mode as ω¯3 with Re(ω¯3) =
0 and Im(ω¯3) < 0. In particular, we note that Imω¯3(k¯) ≈
−iΓ¯k¯2 for small momentum k¯ with the effective diffusive
constant Γ¯ = 1+ααγ¯R (
γ¯R
γ¯C
− g¯R1+α ) [17].
We are ready to study how the existence of the non-
resonant pumping affects the drag force with the help of
Eq. (15). For this purpose, we devise three scenarios:
first, we choose the proper parameters of Bogoliubov’s
modes and find the drag force in the gapped region; then
we vary the parameter of g¯R with all of the other parame-
ters of the system fixed and study how the non-resonant
FIG. 2. (a) The drag force in gapped region for fixed γ¯C =
1.0, D0 = 0.0005 and α = 1.0 with γ¯R/γ¯C : 4α/(1 +α)
2 = 0.1
with g¯R/(1 + α) : γ¯R/γ¯C = 0.1 (green dash-dotted), 0.5
(blue dashed), 0.95 (red solid). As |Im(ω¯)| of the diffusive
modes decreases, the contributed diffusive force leads to an
enhanced total drag force for v¯ small. (b) and (c) are rep-
resented by the real and imaginary parts of the Bogolubov’s
modes in Eq. (11).
reservoir affects the drag force by the g¯R; Finally, we
study how the band gap labelled by αγ¯Rγ¯C affects be-
havior of the drag force.
In the the first scenario where Bogoliubov’s modes are
located in the gapped region (see Figs. 1 (b) and (c)),
the corresponding drag forces are plotted in Figs. 1 (a).
As shown in Figs. 1 (a), we find that the drag force
induced by the reservoir’s modes increases in a steep way
for small velocity of the impurity, and then goes smaller
gradually for large velocity, in between a hump appears
(see the red curve in Figs. 1 (a)). This gives the main
contributions to the total drag force when the velocity
of the impurity is small (see solid blue curve in Figs.
1 (a)). Besides, the part of the drag force contributed
by the codensate’s gapped modes is nonzero when the
velocity of the impurity is below the classical Landau’s
critical superfluid velocity (see the green curve in Figs. 1
(a)), which is an effect of the dissipation of condensates.
When the velocity of the impurity is large, this part of
drag force grows approximately linear in velocity, like
that of the equilibrium condensates [31] and consists the
main contributions to the total drag force.
In the second scenario, we consider the situation with
a variation of g¯R while all of the other parameters of the
system are kept to be fixed. Then a larger g¯R means
a smaller effective diffusion constant Γ¯. In Fig. 2, we
consider the variation of the condensate from close to the
dynamically instability point (the red solid line) to that
deep in the stable phase (the green dash-dotted line).
In Figs. 2 (a), we find that as Γ¯ is reduced, the drag
force at small v¯ increases prominently. Physically, a
smaller Γ¯ means a slower diffusion of the density accu-
mulation around the impurity, which leads to a larger
pressure force on the impurity. This is one of the main
features we found in the gapped phase. For v¯ in the inter-
mediate region, the drag force can be much smaller than
the one for small v¯. This is an interesting phenomenon
neither common in equilibrium quantum systems nor in
nonequilibrium classical ones. For v¯ in the intermediate
region, we also find that the drag force is enhanced as
6FIG. 3. (a) The drag force in gapped region for fixed D0 =
0.0005, α = 1.0 and g¯R/(1 + α) : γ¯R/γ¯C : 4α/(1 + α)
2 =
0.095 : 0.1 : 1.0 with γ¯C = 0.1 (red solid), 1.0(blue dashed),
5.0 (green dash-dotted), 10.0 (thin black solid). (b) and (c)
are the real and imaginary parts of the Bogoliubov’s modes
respectively. The dissipative force decreases as the |Re(ω¯)| of
the dissipative modes decreases, which leads to a suppressed
total drag force for intermediate v¯.
g¯R increases. It is because the drag force contributed by
the dissipative gapped modes goes larger as the ampli-
tudes of the imaginary part of the dispersion relation,
which characterize the dissipativeness of the condensate,
are enhanced. For v¯ large, the drag force is approximately
linear in velocity, similar to that of the equilibrium BEC.
The total drag force is almost contributed by the dissi-
pative gapped modes.
In the third scenario, we consider the variation of the
drag force as the size of the band gap varies, which can
be achieved by modifying the value of αγ¯Rγ¯C . In Figs. 3
(a), we fix the value of α and change that for both γ¯R and
γ¯C , but keep the ratio g¯R/(1 + α) : γ¯R/γ¯C : 4α/(1 + α)
2
fixed. We find that as the condensate is tuned close to the
transition point between the gapped phase and gapless
one, both of the |Imω1,2| and |Imω3| are small, and the
behavior of the drag force approaches that of the equilib-
rium BEC. The condensate is lesser dissipative, and the
drag force is smaller for v¯ with intermediate value. How-
ever, due to the small effective diffusive constant, there
is still a large drag force for small v¯.
Before making a conclusion, we want to remark the
main results of the drag force of a non-resonant pumped
polariton condensate in the gapless phase as studied in
Ref. [32]. For a polariton prepared in the gapless region,
the imaginary part of the reservoir modes is finite for all
momenta, so the diffusion constant for small momenta is
much larger than the one in the gapped phase. It results
that for slow motion of the impurity the drag force in-
duced by the diffusive modes is more prominent in the
gapped phase than that in the gapless phase. Besides, in
the gapless phase, the real part of the dispersion relation
of the dissipative modes is zero for small momenta. From
the Landau’s criterion, for any small velocity of the im-
purity, there is creation of the dissipative modes, and it
results in a finite drag force. While in the gapped phase,
for small velocity of the impurity, the Landau’s criterion
is not satisfied, and the drag force contributed by the
dissipative modes are simply due to the dissipative na-
ture of the modes. In a consequence, the induced drag
force by the dissipative modes is generally smaller in the
gapped phase than that in the gappless phase.
V. CONCLUSIONS AND DISCUSSIONS
Our study is motivated by the experimental work in
Ref. [24], in which they observe a speed of sound be-
ing apparently twice too low. As a result, the exper-
imental results can not be explained upon considering
the polariton condensate alone and prompt the ques-
tions of how the existence of the reservoir affecting the
superfluidity properties of resonantly driven polariton
fluids [27, 30]. Theoretically, this inspires an interest-
ing question as regards the behavior of superfluidity of
non-resonant pumped polariton condensate in the gapped
regime of the Bogoliubov modes, although realizing a po-
lariton condensate in the gapped regime remains experi-
mentally challenging.
In summary, we calculated the drag force experienced
by an impurity when it moves in a polariton condensate
under the non-resonant pumping in the gapped phase,
i.e. the excitations over the condensate are two dissipa-
tive gapped condenste’s modes and one purely diffusive
reservoir’s mode. We find that the part of the drag force
contributed by the reservoir’s modes is large for small
velocity of the impurity, and it gradually decreases as
the velocity further increases. The amplitude of the drag
force grows if we reduce the effective diffusive constant,
which can be controlled experimentally.
We also find that the part of the drag force contributed
by the dissipative gapped modes is nonzero for velocity of
the impurity smaller than that required by the Landau’s
criterion due to the dissipative nature of the condensates.
When the amplitudes of imaginary parts of the dissipa-
tive gapped modes go larger, that is, the condensate is
more dissipative, the drag force experienced by the im-
purity becomes larger. Furthermore, when the velocity
of the impurity is larger than that required by the Lan-
dau’s criterion, the drag force grows approximately lin-
ear in velocity, which is similar to that of the traditional
condensate in equilibrium. The total drag force may de-
crease as the velocity of the impurity increases when the
velocity is of intermediate value. We hope this work can
contribute to the ongoing experiments of studying the
non-equilibrium superfluids in the exciton-polariton con-
densate under non-resonant pumping.
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